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Hadroproduction of the x1 and x2 states of charmonium in 800-GeVÕc
proton-silicon interactions
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The cross sections for the hadroproduction of thex1 andx2 states of charmonium in proton-silicon colli-
sions atAs538.8 GeV have been measured in Fermilab fixed target experiment 771. Thex states were
observed via their radiative decay toJ/cg, where the photon converted toe1e2 in the material of the
spectrometer. The estimated values for thex1 andx2 cross sections forxF.0 are 263669(stat)632(syst) and
4986143(stat)667(syst) nb per nucleon, respectively. The resultings(x1)/s(x2) ratio of 0.5360.20(stat)
60.07(syst), although somewhat larger than most theoretical expectations, can be accommodated by the latest
theoretical estimates.

PACS number~s!: 13.85.Ni, 13.85.Qk, 14.40.Gx, 25.40.Ve
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Charmonium hadroproduction has provided interest
challenges to the understanding of QCD. Early attempts
describe the formation of acc̄ bound state, according to th
color evaporation@1# or color singlet @2# models, did not
provide a satisfactory description of the available data. T
measurement presented here represents a significant c
bution to existingcc̄ hadroproduction data, since it is th
first observation of cleanly resolvedx1 andx2 states in a pN
fixed target experiment.

In the color evaporation approach, thecc̄ pair is assumed
to be produced in an unbound, not necessarily colorless s
The final colorlesscc̄ state is reached via the emission
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soft ‘‘color bleaching’’ gluons. Because of its semi-empiric
nature, color evaporation cannot make specific prediction
the relative charmonium state production rates. Rather,
assumed that either they are all produced at the same ra
proportionally to the number of spin states~3:5 for x1 /x2
production!.

The color singlet model, on the contrary, demands that
cc̄ pair be produced in a bound colorless state and attem
to compute the rate of production for various charmoniu
states by taking into account the relevant quark and gl
diagrams. When dealing withx1 andx2 production by pro-
tons on a nuclear target, the contribution of antiquarks~from
the nucleon sea! is small, andx production viaqq̄ annihila-
tion is negligible compared to gluon mediated process
Moreover,x1 production by gluons is suppressed at the lo
est order by the Yang@3# theorem, forbidding the production
©2000 The American Physical Society06-1
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of a spin-1 particle by two massless spin-1 quanta. So
proton induced reactions, thex1 /x2 ratio is expected to be o
order 5%@4#.

More recently, the nonrelativistic QCD~NRQCD! factor-
ization approach@5#, which incorporates in a more rigorou
fashion some of the features of the previous models,
provided a more successful description of the process

particular, the NRQCD approach allows the initialcc̄ state to
be produced in a color octet as well as a color singlet st
but also factorizes the production process into a short

tance process, where thecc̄ pair is created, and a long dis

tance part in which thecc̄ pair hadronizes into the observe
charmonium state. As discussed below, the most recent
mates of this model are that thex1 to x2 ratio can be as large
as 30%.

The Fermilab E771 experiment utilized a larg
acceptance spectrometer@6# to measure several process
containing muons in the final state. Protons of 800 GeVc
momentum were transported by the Fermilab Proton W
beam line to the High Intensity Laboratory, where they hi
24 mm thick silicon target. Operating at a beam intensity
'3.63107 protons per spill second, the experiment accum
lated a total of 6.431011 p-Si interactions. The incoming
proton beam trajectory and flux were measured by a
plane silicon detector station. The 0.26 radiation length
get was composed of twelve 2 mm silicon foils separated
4 mm. The target was followed by a microvertex detec
consisting of fourteen 300mm thick silicon planes that
while not used in the analysis presented here, contribute
additional 0.045X0 to the target region radiation length.

The spectrometer’s tracking system consisted of se
multi-wire proportional chambers and three drift chamb
upstream plus three drift chambers and six combination d
pad/strip chambers downstream of a dipole analysis ma
which provided an 821 MeV/c pt kick in the horizontal
plane. Downstream of the wire chamber system, an elec
magnetic calorimeter consisting of an active converter
396 scintillating glass and lead glass blocks was used
electron and positron identification. The final element of
spectrometer, a set of three planes of resistive plate coun
~RPC’s! segmented into 512 readout pads and sandwic
between layers of steel and concrete absorbers, prov
muon identification. The material in the absorber walls re
resented an energy loss of 10 GeV in the central region
6 GeV in the outer region of the detector for the incide
muons.

A dimuon trigger@7# selected events with aJ/c in the
final state via the decayJ/c→m1m2. A trigger muon was
defined as the triple coincidence of theOR of 232 pads in
the first RPC plane and theOR of 636 pads in the second
and third RPC planes in projective arrangements. A dimu
trigger was defined as two such triple coincidences. The t
ger reduced the 1.9 MHz interaction rate by a factor
'104, selecting approximately 1.33108 dimuon events to be
written to tape.

The seed for muon track reconstruction was provided
the RPC triple coincidences. The roads formed by the p
involved in the coincidences were projected into the r
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chamber set, identifying a region in which to search for ca
didate muon tracks. Muon tracks reconstructed in the r
chamber set were then matched with tracks found in the fr
chamber set by requiring a good front-rear linkingx2. The
muon pairs were required to come from a common vert
About 50 000 dimuon events survived the reconstruction p
cess and cuts.

Figure 1 shows the resulting dimuon mass spectrum c
taining peaks corresponding to theJ/c, c(2S), andY ~in-
set!. Superimposed on the dimuon mass spectrum is a fi
the data obtained with the sum of two Gaussians for theJ/c
peak, a single Gaussian for thec(2S), and the form
(a/mmm

3 )exp(2bmmm) for the continuum background. Th
two Gaussians fit to theJ/c peak is a good approximatio
~as confirmed by Monte Carlo simulations! to a nonconstant
mass resolution, caused by the confusion associated with
creases in hit density near the beam region. The numbe
J/c ’s and c(2S)’s after background subtraction wa
11 6606139 and 218624, respectively@8#.

Events in a window of6100 MeV/c2 around theJ/c
mass were refit varying the muon momenta within measu
ment errors, with the constraint that the invariant mass of
pair be equal toJ/c mass. The resulting dimuon even
sample was then inspected to search fore1e2 pairs that
might be the result of conversions of photons fromx
→J/cg decays. Dimuon events which contained pairs
tracks matching the topology of ag→e1e2 conversion in
the target region—collinear before the magnet in both be
and non-bend projections, collinear in the non-bend pla
and coplanar in the bend plane after the magnet—were
designated asx decay candidates.

All electron-positron pair candidates were required to s
isfy additional conditions. At least one of the two track ca
didates was required to be associated with an energy d
sition in the calorimeter consistent with an electro-magne
shower. In addition, the total transverse momentum of
e1e2 pair in the rear of the magnet was required to be z
~within the resolution of the spectrometer! relative to the
commone1e2 trajectory in front of the magnet. To quantif
how well a pair fitted theg→e1e2 hypothesis, ax2 was
formed,

FIG. 1. Opposite sign dimuon mass spectrum. The solid line
fit to the signal plus background and the dashed line is a fit to
background only. The inset shows theY signal.
6-2



r-

r-
w
to

e
he

nt

l-
ine

ly
b

to
co
is

,

nto
ck-
ion

ien-
rid
ner
and

ag-

n-
g a
er-

those

ics
r
nce
ns

a-

.
om

ts
-

a

HADROPRODUCTION OF THEx1 AND x2 STATES OF . . . PHYSICAL REVIEW D 62 032006
x25
~ax12ax2!2

sax1
2 1sax2

2
1

~ay12ay2!2

say1
2 1say2

2
1

~by12by2!2

sby1
2 1sby2

2
~1!

whereax1 andax2 are the electron and positron track inte
cepts at the magnet in the bend plane,ay1 anday2 the track
intercepts in the non-bend plane,by1 andby2 the track slopes
in the non-bend plane, and thes ’s are the measurement e
rors on these quantities. The electron-positron candidate
the smallestx2 in a given event was designated as a pho
conversion candidate. Additional cuts requiring a goodx2,
the transverse momentum of the parent photon to be betw
250 and 700 MeV/c, and the invariant mass squared of t
e1e2 pair to be less than 3000 (MeV/c2)2 were applied to
maximize signal to background in the final sample of eve
containing both aJ/c and a photon conversion.

The J/c e1e2 invariant mass shown in Fig. 2 was ca
culated using the electron and positron momenta obta
from the tracking system. Clearx1 and x2 signals can be
seen. The background to thex1 and x2 was well described
by uncorrelatede1e2 and J/c combinations: the solid line
of Fig. 2 was obtained by fitting two Gaussians plus a po
nomial background. The polynomial background was o
tained by fitting the mass distributions ofJ/c ’s ande1e2’s
extracted from different events. The numbers ofx1 and x2
obtained from the fit are 3369 and 33610, respectively.
The fitted width is 5.262.0 MeV/c2 for both thex1 andx2
peaks.

To determine the total cross section forx1 and x2 pro-
duction, the overall acceptance times efficiency for pho
conversion and for electron-positron acceptance and re
struction efficiency had to be determined. To accompl
this, a Monte Carlo sample ofx→J/c g, J/c→m1m2 de-
cays was generated usingPYTHIA @9#. The photon and the
muons were then propagated through aGEANT @10# simula-
tion of the E771 detector, includingg conversion, scattering
bremsstrahlung anddE/dx. Hits from the Monte Carlo

FIG. 2. J/ce1e2 invariant mass. The solid line shows a fit to
polynomial background plus two Gaussians of equal width.
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tracks obtained by this prescription were then inserted i
actual dimuon trigger events to simulate realistically ba
grounds and losses in pattern recognition due to confus
from noise hits and other tracks. Measured detector effic
cies were also applied to the inserted hits. These hyb
Monte Carlo and data events were analyzed in a man
identical to the data in order to determine acceptances
tracking efficiencies.

Rather than simulating the response of the electrom
netic calorimeter toe6 in detail in a Monte Carlo simula-
tions, the efficiency of matching an electron or positron ca
didate to a shower in the calorimeter was determined usin
large sample of electron-positron pairs from photon conv
sions in minimum bias events. A sample ofe1e2 pairs with
kinematics similar to those of thex e1e2 pairs was col-
lected using very tight cuts to ensure ane1e2 identity. This
sample was then subjected to the same constraints as
applied in thex analysis. The acceptance forg→e1e2 was
12.2% and the efficiency for reconstruction and phys
analysis of thee1e2 18.6%. The conversion probability fo
x photons was 36.3%, resulting in an overall accepta
times efficiency times conversion probability for photo
from x decay of (8.2460.4)31023. The region ofxF accep-
tance of the spectrometer forx ’s was betweenxF50, and
xF50.25.

Using theg→e1e2 acceptance and efficiency, the me
sured branching ratios forx1 and x2 into J/c g @11#, the
measuredJ/c pN forward cross section@8# at As538.8
GeV and the number of observedx1 , x2 andJ/c→m1m2,
the absolutex1 andx2 cross sections forxF.0 were calcu-
lated to bes(x1)5263669(stat)632(syst) nb/nucleon and
s(x2)54986143(stat)667(syst) nb/nucleon, respectively
The main contributions to the systematic errors came fr
the error on theJ/c cross section~9%!, the uncertainty in the
knowledge of the cut efficiencies~5%! and the errors on the
branching ratios forx1 ~6%! andx2 ~8%!.

FIG. 3. s(x1)/s(x2) in proton-nucleon interactions. Resul
from this experiment~E771! are shown, together with the two ex
isting results and the world average with 1s errors.
6-3
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The contribution to the systematic error due to the mo
dependence of heavy quark production was also investiga
The x cross sections quoted above are based on ourJ/c
cross section measurement@8#. The systematic error in the
J/c cross section included model dependence and is in
porated in the quotedx systematic errors. In addition, effec
specific tox production have been investigated. The co
singlet model for chi production@12#, as incorporated in
PYTHIA in our Monte Carlo simulation, was modified b
varying the wave function at the origin and the derivative

FIG. 4. s(x) vs As in pN interactions. Superimposed is a fit t
a threshold production parametrization described in the text;s(x)
is the sum of thex1 and x2 cross sections where the E673 da
point has been obtained from the publishedx1 cross section and
ratio of x2 /x1.
of

A
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the wave function by630%. The corresponding62%
change in thex acceptance andx cross sections is include
in the systematic error.

Using the production cross sections forx1 and x2, the
ratio of the x1 to x2 production cross sections was dete
mined to be s(x1)/s(x2)50.5360.20(stat)60.07(syst).
Combining this result with the two previous measureme
of x production by a proton beam@13#, we have computed
the world average~shown in Fig. 3! to be s(x1)/s(x2)
50.3160.14. This figure is consistent with the late
NRQCD estimates of'0.3 @14#, wherex1 production was
boosted by the inclusion of higher order terms in the veloc
expansion@15#.

Finally, the energy dependence of the combinedx1 and
x2 production near threshold was compared to the co
sponding quantity forJ/c production. In Ref.@16# J/c pro-
duction data from 17pN experiments were fit as a functio
of As between 8 and 52 GeV. TheJ/c production data nea
threshold was well represented by the functions(As)J/c

5s0(12MJ/c /As)b, with s051.060.1 mb/nucleon andb
511.860.5. To check whetherx production has similar dy-
namics asJ/c production, the sum of thex cross sections
has been fit to a similar parametrization withb fixed to the
J/c value andMx replacingMJ/c . The fit, shown in Fig. 4,
illustrates the similarity of theJ/c and x production at
threshold. The fit yieldss052.360.4 mb/nucleon for the
asymptotics(x) cross section.
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